We investigate the stellar kinematics and stellar populations of 58 radio-loud galaxies of intermediate luminosities (L 3GHz > 10 23 W Hz −1 ) at 0.6 < z < 1. This sample is constructed by cross-matching galaxies from the deep VLT/VIMOS LEGA-C spectroscopic survey with the VLA 3 GHz dataset. The LEGA-C continuum spectra reveal for the first time stellar velocity dispersions and age indicators of z ∼ 1 radio galaxies. We find that z ∼ 1 radio-loud AGN occur exclusively in predominantly old galaxies with high velocity dispersions: σ * > 175 km s −1 , corresponding to black hole masses in excess of 10 8 M . Furthermore, we confirm that at a fixed stellar mass the fraction of radio-loud AGN at z ∼ 1 is 5 -10 times higher than in the local universe, suggesting that quiescent, massive galaxies at z ∼ 1 switch on as radio AGN on average once every Gyr. Our results strengthen the existing evidence for a link between high black-hole masses, radio loudness and quiescence at z ∼ 1.
INTRODUCTION
In order to match the stellar and dark matter halo mass functions and reproduce their evolution through cosmic time, semi-analytical and hydrodynamical galaxy formation models rely on two primary feedback channels to decrease the efficiency of starformation. These models implement heating by supernovae that lead to a low star-formation efficiency in lowmass dark matter halos (White & Rees 1978; White & Frenk 1991; Hopkins et al. 2012) . Feedback from supermassive black holes (SMBHs) is implemented to prevent excessive star-formation in high-mass halos (De Lucia & Blaizot 2007; Croton et al. 2006; Bower et al. 2006; Vogelsberger et al. 2014; Schaye et al. 2015) . The physical prescriptions differentiate between radiative-mode feedback and jet-mode feedback. Radiative-mode feedback (quasar mode) is associated with the high accretion rate of the cold gas onto the SMBH and is related to the gas outflows (Shakura & Sunyaev 1973; Di Matteo et al. 2005) . Jet-mode (radio mode) feedback is associated with a low accretion rate of hot ('coronal') gas onto the SMBH. The feedback loop is thought to exist between the cooling of hot gas that feeds the SMBH (e.g., Blanton et al. 2001) to trigger an active galactic nuclei (AGN) phase that subsequently provides a heating source, counter-acting cooling and preventing further growth in stellar mass.
Direct observational evidence for a link between AGN and the heating of halo gas is found in massive clusters, where radio jets are seen to produce cavities in the X-ray emitting gas (see McNamara & Nulsen 2007; Heckman & Best 2014 , and references therein) and also in earlytype galaxies in lower-mass groups where the presence of cold gas and radio jets is linked to the thermodynamical state of the warm/hot gas (Werner et al. 2012 (Werner et al. , 2014 . Furthermore, indirect evidence in the form of a strong correlation between a lack of star formation (quiescence) and the presence of radio AGN has been gathered for galaxies in the local universe (e.g., Matthews et al. 1964; Kauffmann et al. 2003a; Best et al. 2005) . This correlation suggests that massive galaxies spend extended periods in a radio-loud AGN phase, which provides sufficient energy to keep the halo gas from cooling.
Until recently, radio observations of high-redshift galaxies were limited to the very highest luminosities (L > 10 24 W Hz −1 ), where radio AGN hosts are the most extreme galaxies: brightest cluster galaxies, but also star-bursting galaxies (De Breuck et al. 2002; Willott et al. 2003) . Deep surveys with the Karl G. Jansky Very Large Array (VLA) are now probing lower luminosities (L 10 22 W Hz −1 ), enabling us to explore the link between radio AGN and quiescence at large lookback time. Donoso et al. (2009) showed that the fraction of radio-loud galaxies increases out to z ∼ 1, and that its power-law dependence on stellar mass (f radio−loud ∝ M 2.5 * ) is consistent with what is seen for present-day galaxies (Best et al. 2005) . Simpson et al. (2013) demonstrate that up to z ∼ 1 radio AGN preferentially reside in galaxies with evolved stellar populations as traced by the D n (4000) index. Rees et al. (2016) confirm these results, but show that at z > 1 radio AGN are hosted more frequently by star-forming galaxies. Finally, Williams & Röttgering (2015) demonstrate that the fraction of radio-loud AGN of luminosities > 10 24 W Hz −1 increases out to z = 2, that the power-law mass dependence becomes flatter with the increasing mass, and that the slope of mass dependence becomes shallower with the increasing redshift.
In this study we use deep, rest-frame optical spectra from the Large Early Galaxy Astrophysics Census (LEGA-C) survey of galaxies in the redshift range 0.6 < z < 1 (van der Wel et al. 2016) . The LEGA-C optical spectra provide us for the first time with direct constraints on recent and long-term star-formation histories and stellar dynamical properties of a large sample of galaxies at large look-back time. Cross-matching the LEGA-C sample with the recently completed 3 GHz VLA survey ) allows us to examine for the first time stellar populations and velocity dispersions of intermediate luminosity radio-loud AGN at these redshifts. The aim of this paper is to test the hypothesis that radio-loud AGN preferably occur in quiescent galaxies with large velocity dispersions (black hole masses) over a broad range in cosmic time. The confirmation of this hitherto poorly constrained assumption is crucial for the radio-mode feedback picture.
The outline of this paper is the following. In Section 2 we give an overview of LEGA-C and VLA datasets, and introduce the selection criteria and classification scheme for the radio-loud sub-sample. We present our main results and describe stellar content and star-formation activity of radio-loud AGN in Section 3. A summary of our work is then given in Section 4.
DATA, SAMPLE SELECTION AND CLASSIFICATION
In this section we give an overview of the data sets analysed in this work. We present the criteria adopted for the selection of the radio-loud sub-sample among the whole LEGA-C sample, and we describe the method used to classify the radio-loud galaxies into quiescent and star-forming galaxies. By comparing with local benchmark samples we also measure the evolution of the fraction of radio-loud galaxies out to z ∼ 1.
LEGA-C
The LEGA-C survey (van der Wel et al. 2016 ) is an ESO public spectroscopic survey with VLT/VIMOS (LeFevre et al. 2003) with the aim of obtaining high signal-to-noise ratio (S/N ∼ 20Å −1 ) continuum spectra of 0.6 < z < 1 galaxies. The full LEGA-C sample will consist of more than 3000 galaxies, K-band selected from the Muzzin et al. (2013) UltraVISTA survey in the 1.62 square degree region within the COSMOS field (Scoville et al. 2007) . The spectral resolution is R = 2500, spanning the wavelength range from 6300Å to 8800Å. The current paper uses the Data Release II 1 sample of 1989 galaxies observed during the first two years of LEGA-C observations. This sample is representative of the final sample, which is, in turn, representative of the galaxy population at a given K-band flux density. That is, our sample selection is independent of galaxy color and morphology.
In this study we use redshifts, stellar velocity dispersions, D n (4000) break and Hδ absorption indices, nebular emission line equivalent widths, as well as physical parameters estimated from broad-band photometry (UV+IR star formation rates (SFR) and stellar masses). UV and IR luminosity based SFRs are estimated following Whitaker et al. (2012) . Stellar masses are derived using a Chabrier (2003 ) Initial Mass Function, Calzetti et al. (2000 dust extinction, and using Bruzual & Charlot (2003) stellar population libraries and exponentially declining SFR. For further details on the data reduction steps and the method used to derive the physical parameters we refer to van der Wel et al. (2016) .
VLA -COSMOS
We use the observations at 3 GHz (10 cm ] Figure 1 . The 3 GHz radio luminosity (left-hand y-axis) and implied SFR (right-hand y-axis) versus SFRUV +IR for the LEGA-C + VLA cross-matched sample. Red points meet our luminosity criteria for radio-loud AGN, red diamonds have visible jets in the radio image. Grey error bar represents the typical uncertainty of the SFRUV +IR. The 3 GHz luminosity uncertainties for radio-loud AGN are smaller than the size of the data points.
final mosaic with the angular resolution of 0.75 " and a median rms of 2.3 µJy beam −1 . For further details we refer to Smolcic et al. (2017) .
Selection of radio-loud AGN
The current LEGA-C dataset contains 1989 galaxies, out of which 322 are found to have a radio counterpart after cross-matching the LEGA-C survey catalog and the VLA 3 GHz 5.5 σ catalog . The matching radius between LEGA-C and VLA coordinates is 0.7 ". The systematic offset in right ascension and declination is 0.1 " and 0.03 " respectively, while the random offset is 0.1 ". We convert radio continuum fluxes for cross-matched sources to luminosities, using VLA 3 GHz flux densities and LEGA-C spectroscopic redshifts, following the Condon (1992) luminosity relation. Implied radio-based star formation rates are then found from luminosities using Bell (2003) calibration of the radio-FIR correlation. Figure 1 compares the radio luminosity, L 3GHz (and the corresponding star-formation rate) with the UV+IR-based SFR for this cross-matched sample. The good correspondence between the star-formation rate indicators is by construction, as the radio-based SFR is calibrated with the SFR derived from the IR luminosity. We see no evidence for a change in the far-infrared to radio luminosity ratio q, but this is not inconsistent with the evidence for such evolution (Magnelli et al. 2015; Delhaize et al. 2017 ) obtained from larger samples across a much larger redshift range than z = 0 to z = 1.
Of interest for this study are the sources that are out- liers from the one-to-one relation (black line), that is, the sources with excessive radio luminosities. We estimate the radio AGN luminosity by subtracting 3× the radio luminosity expected on the basis of the UV+IR-based SFR from the observed radio luminosity. That is, we allow for a factor 3 scatter in the radio-SFR relation. Adopting the radio luminosity limit from Best et al. (2005) , we select those 58 galaxies with radio AGN luminosities > 10 23 W Hz −1 as our radio-loud AGN sample (see Figure 1 , red dashed curve).
Classification of the radio-loud objects
We examine the optical spectra of the 58 radioloud AGN in order to distinguish between jet-mode (low-excitation radio galaxy, LERG) and radiative-mode (high-excitation radio galaxy, HERG) based on the presence or absence of strong high-excitation emission lines (Hine & Longair 1979; Laing 1994 [OII] λ3727/Hβ ratios (> 1) as HERGs. In our sample of 58 radio-loud AGN, 35 are classified as LERGs and 7 as HERG with high confidence. The classification of 16 objects remains undetermined, as we were not able to discriminate with high confidence between jet/radiative-mode. For the remainder of this paper we consider these objects as LERG with 50% probability for the purpose of statistical calculations. In Figure 2 we summarize the results of our classification, which illustrates that almost 60% of our sample are LERGs. We list the properties of the 58 radio AGN in Table 1 .
We examine the VLA 3 GHz images of our sample for visual confirmation of radio jets. Forty six radio- loud galaxies are consistent with point sources, but in 12 cases we identify extended morphologies. We show the VLA 3 GHz and HST F814W images as well as the LEGA-C spectra of these 12 objects in Figure 3. 3. PROPERTIES OF Z ∼ 1 JET-MODE GALAXIES 3.1. Fraction of jet-mode galaxies Using the selection criteria defined in Section 2.4, we determine the fraction of jet-mode radio galaxies in the LEGA-C sample, considering both star-forming and quiescent galaxies (see Figure 4) . Since we adopt the radioloud AGN selection criteria from Best et al. (2005) , we compare our fraction of jet-mode galaxies at a redshift range 0.6 < z < 1 to their fraction of jet-mode galaxies for present-day galaxies. At fixed mass the fraction of jet-mode galaxies is on average 5 -10 times higher at 0.6 < z < 1 compared to the present-day universe. Furthermore, we notice the flattening of the power-law mass dependence for the highest mass bin. These findings are consistent with the measurements from Donoso et al. (2009) . Fraction of jet-mode galaxies among all and quiescent galaxies in the LEGA-C as a function of the stellar mass (orange diamonds and red circles respectively). Open orange diamonds show the fraction of jet-mode galaxies for the sample of present-day galaxies.
One possible evolutionary scenario is that galaxies grow in stellar mass by a factor of two from z ∼ 1 to the present while conserving the fraction of jet-mode galaxies. This would imply that growth in stellar mass exceeds growth in black hole mass if we assume that the black hole mass is the only factor that sets the probability or frequency of becoming a radio galaxy. Alternatively, if BHs and stellar mass grow in lockstep (e.g., Calhau et al. 2017), then more frequent (or longer) radioloud AGN phases at fixed BH mass could be understood by shorter cooling times at earlier cosmic times. The evolution in the fraction of jet-mode AGN in quiescent galaxies must be even faster than that for the general population, given that the fraction of quiescent galaxies is lower at z ∼ 1 than at the present day (e.g. Bell et al. 2004; Faber et al. 2007 ). We show the fraction of jet-mode AGN in quiescent galaxies in Figure 4 , and see that above 10 11 M the fraction of jet-mode galaxies reaches 20 %.
The fraction of jet-mode AGN also strongly depends on stellar velocity dispersion σ * , which can be seen as a proxy for black hole mass: in Figure 5 we show that more than ∼10% of galaxies with σ * 200 km s . Left: Fraction of jet-mode galaxies among the full LEGA-C sample (orange diamonds) and among the quiescent galaxies the LEGA-C sample (red diamonds) as a function of the stellar velocity dispersion σ * , Right: Stellar velocity dispersion σ * as a function of the stellar mass. Blue and red points mark star-forming and quiescent galaxies, respectively. Large symbols represent radio AGN, with filled symbols showing those that are securely classified as jet-mode / low-excitation AGN (see Section 2.4). Large diamonds represent those with visible jets in the radio image (see Figure 3) . Jet-mode AGN occur in massive galaxies with high stellar velocity dispersions, and old stellar populations. Typical error bars are indicated in the corners.
mode AGN, reaching 20 -30% at σ * ∼ 300 km s −1 . This behavior is only weakly dependent on star-formation activity if at all, which suggests that jet-mode AGN are not associated with quiescence but with high σ * . Below σ * = 175 km s −1 we find three jet-mode AGN (one 100% and two 50% objects), whereas if the power-law trend seen at high σ * were to continue to low σ * we would expect a total of ten jet-mode AGN in the three low-σ * bins. The detection of only three jet-mode AGN may suggest a threshold black-hole mass of ∼ 10 8 M for jet-mode AGN, as inferred from the local black-hole mass -σ * relation (Gebhardt et al. 2003; Beifiori et al. 2012; van den Bosch 2016) . We argue that this threshold is not artificially introduced by our radio luminosity limit, as there is virtually no correlation between σ * and radio luminosity, as shown in Figure 6 .
Assuming that the jet-mode fraction of 10 − 30% at high σ * can be interpreted as a duty cycle, we convert these fractions into the period (or frequency) at which galaxies turn on a jet-mode AGN. In order to make the conversion of the fraction of jet-mode AGN into the period, we need a life time of an AGN jet. Examination of the jet structure morphology of the 12 objects in Figure 3 reveals that they are reminiscent of the classical Fanaroff-Riley I (FRI) type radio galaxy (Fanaroff & Riley 1974; Ledlow & Owen 1996) . It has been argued that life times evolve with redshift (Athreya & Kapahi 1998) , but, among our radio galaxies that are detected in the pre-existing 1.4 GHz VLA data (Schinnerer et al. 2010) we find that the spectral slopes, and therefore presumably the ages, are similar to local counterparts (see Table 1 ). The typical spectral slopes of local counterparts range between -1.3 < α < -0.5 with the average spectral slope being -0.8 (Condon 1992) . Parma et al. (1998) find a correlation for FRI radio galaxies between the linear size of the jet and the synchrotron age of the jet as traced by the spectral slope, implying typical jet ages of about 100 Myr with an uncertainty of at most a factor 2. We therefore assume a lifetime of 2 × 100 Myr and show the resulting periods in Figure 5 on the left. We conclude that galaxies turn on a jet-mode AGN about once every Gyr provided that it has a stellar velocity dispersion in excess of σ * = 175 km s −1 , corresponding with a black hole mass of 10 8 M . Remarkably, this is the same black-hole mass threshold that has been shown to separate quiescent and star-forming galaxies in the local universe (Terrazas et al. 2016 ).
Stellar Populations of Galaxies with Radio-Loud AGN
Our z ∼ 1 radio AGN typically live in red, quiescent galaxies ( Figure 7 ) as was shown before by Smolčić et al. (2009) , Simpson et al. (2013) , and Rees et al. (2016) .
With the LEGA-C spectra we can examine, for the first time, the detailed stellar population properties of z ∼ 1 radio galaxies. Figure 8 shows the Balmer absorption line index Hδ as a function of the 4000Å break D n (4000) (Bruzual et al. 1983; Balogh et al. 1999; Kauffmann et al. 2003b, Wu et al., in prep) . Both of these parameters trace the recent star-formation activity within the galaxy. This shows that the jet-mode AGN have a strong D n (4000) and weak Balmer absorption, which implies that these galaxies have been quiescent for more than a Gyr (Bruzual & Charlot 2003 . SFRUV +IR as a function of the rest-frame U-V color. The symbols are described in Figure 5 . Jet-mode AGN reside in red, quiescent galaxies as had been demonstrated before.
observed AGN with a lifetime of ∼ 100 Myr are not immediately responsible for the quenching of recent star formation. However, they may play a crucial role in maintaining quiescence, at least over the past 7 Gyr.
CONCLUSIONS
Maintenance-mode feedback from central BHs is a key element of all galaxy formation models in a cosmological context. Jet-mode AGN are the physical manifestation of this concept and a minimum requirement for the model in general is that jet-mode AGN frequently occur in galaxies devoid of significant levels of star formation. This hypothesis has thus far only been tested directly in the present-day universe but in this paper we investigate whether jet-mode galaxies at z ∼ 1 have been quiescent for an extended period of time. Figure 5 . Jet-mode AGN occur in galaxies with old stellar populations, with little star-formation activity for at least a Gyr.
We select the radio-loud subset of galaxies in the LEGA-C spectroscopic survey sample by matching against the newly acquired VLA 3 GHz dataset . We identify 58 radio-loud galaxies, most of which (∼ 60%) are confirmed to be low-excitation radio AGN. Most radio sources appear point-like, but 12 sources show clear jet-like morphologies and are classified as FRI types.
The galaxies that host these jet-mode AGN have high stellar velocity dispersions of σ * > 175 km s −1 , translating into a black-hole mass threshold of ∼ 10 8 M for jet-mode AGN, low specific star-formation rates (< 10 −1 Gyr −1 ) and high stellar masses (> 10 11 M ). The fraction of jet-mode AGN is ∼ 30% among galaxies with the highest stellar masses 10 11 M . Furthermore, strong 4000Å breaks and weak Balmer absorption lines imply that these galaxies have been devoid of significant star-formation activity for more than ∼ 1 Gyr. Assuming the jet-mode AGN share similar physical properties in a certain mass bin, and considering their life time we infer that every massive, quiescent galaxy at z ∼ 1 will switch on a jet-mode AGN about once every Gyr.
Our findings put firmer footing on the conclusions by Best et al. (2014) , who statistically link the quiescent and radio-loud populations by comparing the evolution of their respective luminosity functions out to z ∼ 1. It therefore seems increasingly plausible that radio AGN play a crucial role across cosmic time in keeping the halo gas around massive galaxies hot, preventing further star formation.
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